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Abstract 
The paper deals with modeling and simulation of the Shape Memory Alloy (SMA) actuator for mechatronic systems. The thermal actuator 
made of Nickel–Titanium (NiTi) wire and new active clamp are heated by electric resistance heating and naturally air-cooled. The paper 
addresses FEM electro thermal simulation of NiTi actuator with special shape of clamp with active heating and shows design of new 
connection with improved thermal features. 
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Nomenclature 
b characteristic coefficient of the exponential decline (m-1)  
d diameter of wire (m) 
x  distance (m) 
A convective surface (m2) 
I electric current (A) 
L ,Lb length and characteristic length  (m) 
P power  (W) 
R thermal resistance (°C W -1) 
Re electric resistance (ȍ ) 
S cross-section   (m2) 
T temperature (°C ) 
Tp , T0 potential temperature and ambient temperature  (°C ) 
T1 , T2 temperature in point  A1 and A2 respectively (°C ) 
V volume (m3) 
Greek symbols 
Ȝ   thermal conductivity  (Wm-1°C-1) 
Į convection coefficient (Wm-2°C-1) 
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1. Introduction 
Shape Memory Alloy is a smart material converting thermal energy to mechanical work, which can be used in many 
different mechatronic systems like actuators. The thermal actuator made of Nickel–Titanium (NiTi) wire is heated by Joule 
loss heat caused by electric current and naturally air-cooled. Critical part of SMA actuator from thermal point of view is 
connection NiTi wire to clamp. This part of NiTi wire is cooled more than the rest of the wire due to connections to clamp. 
It is necessary to investigate the influence of actuator clamps to temperature distribution along NiTi wire, because 
unsuitably designed connection can caused loss of power and other characteristics in this part of SMA actuator. Two 
different connections of SMA actuator are shown on Fig. 1.   
In previous authors works, the improved clamp with separated mechanical anchor and electrical connection was designed 
by Finite Element Method (FEM) [1-3]. The improved clamp increases the end-connection temperature depending on clamp 
parameters. The goal of clamp design is to obtain the thermal distribution in actuator that provides phase transformation of 
SMA over the whole active length of the actuator, including connection points.  
 
 
Fig. 1. Electrical and mechanical connection of NiTi wire, left - model A, right - model B.  
1.1. General description of SMA actuator with clamp 
There were simple geometric shapes used by the individual parts for the analysis of NiTi actuator with clamp. The clamp 
of SMA actuator is consisted of  two basic parts (see Fig. 1), namely clamp body of tube shape made of Cu and mechanical 
anchors of cylindrical shape made of Teflon - insulating material.  
Two different models were investigated - see Fig.1: 
x Model A: Cu body is made from one part, where inner air must be modeled as material with effective thermal 
conductivity 
x Model B: Cu body is divided into two parts - this modification causes that inner wire is naturally cooled by surrounding 
air   
Active part of SMA actuator (denoted as NiTi wire on Fig.1) has the same length (100mm) for both models and is loaded 
by electric current from Cu wire and through inner wire. In both models, the influence of chosen material of inner wire, 
which is located between Teflon anchors is investigated.  
As the inner wire material was used NiTi or Kanthal wires having a diameter 0.3 mm. The resistivity of NiTi wire varies 
depending on the phase transformation from  0.76 μȍm in Martensite to 0.82 μȍm in Austenite. To achieve the desired 
temperature at Point A2 it is necessary to choose a suitable resistive material. The six types of Kanthal wire was compared. 
The tested resistivity of Kanthal wire is from 0.85ҏμȍm to 1.35 μȍm, see Table 1.  In all cases, the wires were heated by 
electric current 0.75A, so we crossed the transformation temperatures. Considered phase transformation temperatures from 
Austenite to Martensite are from 90 ° C to 110 ° C, [4]. 
     Table 1. Designed geometry and material properties 
Part  Material Diameter 
[mm] 
Length 
[mm] 
Convection 
[W/m2/K]       
Conduction 
[W/m/K]        
Resistivity 
[μȍm]            
Characteristic 
length [mm] 
Body  Cu 2/1.5 11 17 385 0.0168 - 
Anchor  Teflon 0.4 0.6 55 0.25 - 0.67 
Wire  NiTi  0.3 100 / 10 68  8 - 18 0.76-0.82 3.32 – 4.46 
Wire Kanthal 0.3 10 68 16 0.85-1.35 4.21 
Wire Cu 0.3 25 57   385 0.0168 21.93 
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Some portion of the heat flux in inner wire flows into mechanical anchors and distorts the temperature field at point A2. 
In order to reduce the negative influence of the heat flux flowing into anchors on temperature near point A2, suitable 
resistive material has to be chosen for the inner wire.  
2. Analytical solution 
Typical distribution of temperature along the heated wire (NiTi or Kanthal) is shown on Fig. 2. This distribution can be 
also obtained by solving uniaxial differential  equation of heat transfer with appropriate boundary conditions including 
temperatures T1 and T2 - this model is called lumped model.  
 
Fig. 2. The two distributions of temperature along  heated  wires with different  boundary temperatures  T1 and T2 and  potential temperatures Tp.  
To model the distribution of temperature along heated wire using differential equation (lumped model), it is necessary to 
know  the maximum temperature of NiTi wire denoted as  TP and temperatures T1 and T2 in both connection points A1 and 
A2, respectively. The potential temperature TP is developed as potential of Joule loss heat P = ReI2, show Eq. (8).  
In the case that electric current, which is used as thermal power source, is constant or is varied very slowly  (i.e. the 
system is considered steady-state), the distribution of temperature can be described as following ordinary differential 
equation. 
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The boundary conditions (see Fig. 2) are: in the point A1 : T(0) = T1, in the point A2:  T(L) = T2. 
The solution of the Eq. (1)  is according [6, 7],  
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The constants Lb=1/b [m]  is characteristic length and depends on material conductivity Ȝ,  geometry of heated wire 
(diameter d) and on convection coefficient Į. Characteristic length Lb reflects the depth of penetration boundary condition in 
the temperature field along the wire, see Table 1. The distance L between two anchor points is viewed in relation to the 
characteristic length Lb.  The ambient temperature is denoted T0 and electric power is P. 
Above mentioned solution of equation (2) is valid for all length L, but for length L> 4,6 Lb the solution (2) can be 
simplified and the expression e-bL can be crossed out. This simplification represents error less than 1%. Other simplification 
can be carried out for cases, where the length L is too large, for example for L  10 Lb. For these cases, the influence of 
coefficient C2 on the solution is relatively small, so we can set  C2=0 and then the temperature distribution have form. 
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The both curves in Fig. 2 are composed of two parts. The first part on the interval <0, L) is according to Eq. (2) and the 
second part  on the interval  <L,  ) according to Eq. (7).  The both curves have the same boundary condition (see Fig. 2) in  
point A1 : T(0) = T1. The difference is in the electrical resistances Re  of Kanthal and NiTi, see Tab. 1. The designed 
Kanthal wire heating power is greater. The potential temperature TP  according to Eq. (8) depends on electric power P  in 
material and thermal resistance R generally. 
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The mathematical model and analytical solutions are used for the design of clamp geometry and material selection of its 
parts, see Tab. 1. 
3. FEM model 
To investigate the influence of  inner wire material in  both models (model A and model B), also code ANSYS, that is 
using finite element method, was used [5, 8, 9]. All boundary conditions and material properties are used the same as in 
analytical solution. 
Fig. 3 shows discretized FEM model A, where also inner air was considered.  Total number of elements was   25878. 
 
Fig. 3. Discretization of model A - clamp with air and inner wire.  
In our FEM solutions, we considered only electric-thermal steady-state analysis, where film convections were computed 
analytically by dimensionless parameters. From thermal point of view the difference between Model A and B is in cooling 
of inner wire. In Model A, the gap between inner wire and clamp is very small and for such small gap the dominant 
phenomenon is heat conduction in air gap. This is the reason why air is modeled in model A as solid body. In Model B, the 
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anchors has separated Cu bodies, that are physically  separated - this separation of Cu bodies causes that inner wire is 
naturally cooled and is modeled by convection parameter. 
           
Fig. 4. The distribution of temperature along Cu+inner+NiTi wire, left - model A, right - model B  
For both models, 7 different materials of inner wire were considered. As reference material of inner wire was chosen 
NiTi wire, i.e. SMA wire is not only in active part of SMA actuator but also between anchors. Next six materials, that were 
investigated as material of inner wires, were Kanthals with different electric resistivity are shown in Tab. 1.      
Obtained temperature in axis of Cu+inner+SMA wire for both investigated models are shown in Fig. 4. As we can see 
from both figures, the material of inner wire affects not only the temperature of inner wire but also temperature on small 
part on NiTi wire. This is important fact, because if material of inner wire is chosen appropriately, the whole active length 
of SMA rich transformation temperature and the system works more effectively. The temperature distribution on SMA 
actuator and active clamp for both investigated models are show on Fig. 5.      
 
          
 
Fig. 5. The distribution of temperature in SMA clamp for Kanthal 1.15, top - model A, bottom - model B .  
4. Conclusions 
Steady-state FEM analysis have been considered.  Simple estimation of geometry parameters  have been supported by 
the analytical solution.  The presented NiTi actuator  model represents a wide class of SMA drives with simple and 
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universal design using two types of clamp. The obtained results suggest the “inner wire” positive impact to the temperature 
field and thermal distribution in active parts of NiTi wire.  A very important result is that the whole active part of actuator 
has the same temperature, no distortion and  is subjected to the phase transformation of SMA at steady-state. Both designed 
clamps are more thermal compatible with the NiTi wire and improve operating  features of the SMA actuator.  
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